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Abstract. We discuss the expected amplitude of a cosmic background of massive, non- 
relativistic dilatons, and we report recent results about its possible detection. 



1. The amplitude of the dilaton background and the dilaton coupling-strength 

The aim of this talk is to discuss the production and the possible detection of a cosmic background of 
relic dilatons. The production is a well known string cosmology effect [1], so I will mainly concentrate 
here on the interaction of the dilaton background with a pair of realistic gravitational detectors [2, 3]. I 
will consider, in particular, the case of massive and non-relativistic dilatons, where some new result has 
recently been obtained [4]. 

Let me start by recalling that the string effective action contains, already at lowest order, at least 
two fundamental fields, the metric and the dilaton. 



The dilaton controls the strength of all gauge interactions [5] and, from a geometrical point of view, it 
may represent the radius of the 11-th dimension [6] in the context of M- theory and brane- world models 
of the Universe. What is important, for our discussion, is that during the accelerated evolution of the 
Universe the parametric amplification of the quantum fluctuations of the dilaton fleld may lead to the 
formation of a stochastic background of relic scalar waves [1], just like the amplification of (the tensor 
part of) metric fluctuations may lead to the formation of a relic stochastic background of gravitational 
waves [7]. 

There are, however, two important differences between the graviton and dilaton case. The flrst is 
that the dilaton fluctuations are gravitationally coupled to the scalar part of the metric and matter 
fluctuations. Such a coupling may lead to a flnal spectral distribution different from that of gravitons. 
The second difference is that dilatons (unlike gravitons) could be massive. Since the proper momentum 
is redshifted with respect to the mass, then all modes tend to become non-relativistic as time goes 
on, and a typical dilaton spectrum should contain in general three branches: Qi for relativistic modes, 
^2 for modes becoming non-relativistic inside the horizon, and O3 for modes becoming non-relativistic 
outside the horizon. The present energy-density of the background, per logarithmic momentum-interval 
and in critical units, can thus be written as follows [1]: 
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(sex; also [3, 8, 9, 10]). Here m, is the clilaton mass, Hi the inflation radiation transition scale, Hcq 
the radiation — » matter transition scale, ^lr{to) the present radiation energy-density, 6 the slope of the 
spectrum, pi the maximal amplified momentum scale (i.e. the high-frequency cut-off parameter) and 
Pm = PiiiT^/HiY^"^ the transition scale corresponding to a mode which becomes non-relativistic just 
at the time of horizon crossing. If the mass is large enough, i.e. m > pi ~ (JJi/Mp)^/^10~^ eV, 
then all modes today are non-relativistic, and the fli branch of the spectrum disappears. Note also 
that the relativistic branch of the spectrum is typically growing [1] in minimal string cosmology models 
(0 < (5 < 3), while the non-relativistic spectrum may have a flat or decreasing branch if 5 < 1. 

The present amplitude of the non-relativistic spectrum is controlled by two basic parameters, Hi 
and m. In minimal string cosmology models Hi is typically fixed at the string scale. Hi ~ Mg, and the 
question "How strong is today the relic dilaton background?" thus becomes "How large is the dilaton 
mass?" We would like to have a mass small enough to avoid the decay and to resonate with the present 
gravitational antennas, but large enough to correspond to a detectable amplitude. It is possible? 

The answer depends on the value of the dilaton mass. From the theoretical side we have no compelling 
prediction, at present. From the phenomenological side, however, we know that the allowed values of 
mass (and thus of the range of the dilatonic forces) are strictly correlated to the strength of the dilaton 
coupling to macroscopic matter. We are thus lead to the related question: "How large is the dilaton 
coupling?" 

For a better formulation of such a question we should recall that the motion of a macroscopic body, 
in a gravi-dilaton background, is in general non-geodesic, because of the direct coupling to the gradients 
of the dilaton field [2] , 

^+r>"M'5 + 9^^0 = 0, (5) 

induced by the effective "dilatonic charge" q of the body, which controls the relative strength of scalar- 
to-tensor forces. So, how large is g? 

The experimental value of g, as is well known, is directly constrained by tests of the equivalence 
principle and of macroscopic gravity, which provide exclusion plots in the {m,q^} plane (see for instance 
[11]). Prom a theoretical point of view, on the other hand, there are two possible (alternative) scenarios. 
A first possibility is that, by including all requircid loop corrections into the effective action, the dilatonic 
charge q becomes large and composition-dependent [12]. In that case one has to impose m ^ 10~^ eV, to 
avoid contradiction with the present gravitational experiments, which exclude testable deviations from 
the standard Newton's law down to the millimeter scale [13]. The alternative possibiUty is that, when 
including loop corrections to all orders, the resulting effective charge of ordinary macroscopic matter 
turns out to be very small {q <C l)and universal [14]. In that case the dilaton mass can be very small, or 
even zero. In the following discussion we will accept this second (phenomenologically more interesting) 
possibility, relaxing however the assumption of universal dilaton interactions (which is not very natural, 
and which seems to require fine-tuning). 

We shall thus assume that the relic dilatons are weakly coupled to matter, and light enough to have 
not yet decayed (m < 100 MeV), so as to be available to present observations. The amplitude of the 
background, as already noticed, depends however on m, and a larger mass corresponds in principle to 
a stronger signal. In this range of parameters, on the other hand, there is an upper limit on the mass 
following from the critical density bound, 

/pi 
d{\np)n(p) ^ 1, (6) 

which has to be imposed to avoid a Universe over- dominated by dilatons. So, which values of mass may 
correspond to the stronger signal, i.e. to an (almost) critical dilaton background? 

The answer depends on the shape of the spectrum. If m > pi and 5 > 1, so that all modes are 
non-relativistic and the spectrum is peaked at p = pi, the critical bound reduces to ^^{pi) ^ 1, and 
implies 

m<{H,^M^/Hlf'\ (7) 

which, for Hi ^ Ms ~ 10~^Mp, is saturated by m ~ 10^ eV. This means that the density of the relic 
dilaton background may approach the critical upper limit for values of mass which are too large (as we 
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shall sec later) to fall within the resonant band of present gravitational detectors. If ^ < 1 the above 
bound is relaxed, but the mass is still constrained to be in the range m > pi. 

Let us thus consider the case m < pi, assuming that the spectrum is flat enough {S < 1) to be 
dominated by the non-relativistic branch, peaked at p = Pm- The critical density bound then reduces 
to ii2{Pm) ^ Ij and implies 

m<(ffeqM4Hf-4) 1/(^+1). (8) 

For Hi = Ms and 6^0 this bound is saturated by masses as small as m ~ 10~^^ eV, and this opens 
an interesting phenomenological possibility. Indeed, if the mass is small enough to fit the sensitivity 

range of present antennas (see the next section), the weakness of the dilaton coupling (g ^ 1) could be 
compensated by a large (i.e., near to critical ) background intensity, much larger than for gravitons: 

Ograv ^ 10-^ < ^^dil ^1. (9) 

Massless backgrounds (like gravitons) are indeed constrained by the nucleosynthesis bound [15], which 
may be evaded by massive backgrounds dominated by the non-relativistic branch of the spectrum. 



2. Detection of a cosmic background of ultra-light (but non-relativistic) scalar particles 

Starting from the equation of motion (5) it can be easily deduced that the full coupling of dilatons to a 
gravitational detector is described by a generalized equation of geodesic deviation [2, 3]: 

+ R0„. ^W'u^yf + qr]^V0V^(f> = 0. (10) 

A relic dilaton background can thus interact with a gravitational antennas in two ways: 

(i) indirectly, through the geodesic coupling of the gravitational charge of the detector to the scalar 
part of the metric fluctuations induced by the dilatons [16]: 

(ii) directly, through the non-geodesic coupling of the scalar charge of the detector to the gradients 
of the dilaton background [2, 3]. 

The indirect coupling has gravitational strength {q = 1), but the amplitude of the gravitational 
background is expected to be (in general) highly suppressed [Q ^ 1); the direct coupling may refer to a 
much higher amplitude (f2 ^ 1), but the effective charge q has to be strongly suppressed to agree with 
the results of the present gravitational experiments (see [2, 3]). 

Taking into account both possibilities, the detection of a stochastic background of relic dilatons, 
with generic spectrum ^{p), is controlled by the "signal- to- noise" ratio SNR, determined by the cross- 
correlation of the outputs of two antennas [3]: 
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Here Si{f) and S2{f) are the noise power-spectrum of the two detectors, T the observation time, j{p) 
the "overlap function" in momentum space. 



rf^nFi(n)F2(n)e2"P"-(^=^-^i), F{h) = qeah{h)D°-\ (12) 

F\ and are the "pattern functions" of the two detectors, Cab the polarization of the scalar wave 

propagating along the direction specified by the unit vector n, and D""^ the "response tensor" taking 
into account the specific geometry and orientation of the arms of the detectors. The ratio (11) differs 
from a similar expression for gravitons [17] because of the mass, of the different polarization of the scalar 

wav(\ and of the pattern function which is in general proportional to the effective charge of the detector. 

The presence of the mass, in particular, is crucial for determining the (possible) resonant response of 
the detectors, whose noise spectrum has a minimum inside a frequency band /o (typically, /o ^ 10 — 10^ 
Hz for present detectors). Outside this sensitivity band the noise diverges, and the signal is negligible. 
Since / = \Jm'^ +P^, we have three possibilities. 
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li m ^ /o then the noise is always outside the sensitivity band, as S{f) ^ S{fo) for all modes p of 
the spectrum. If m ~ /o the noise, on the contrary, is within the sensitivity band for all non-relativistic 
modes, as S{f) ~ S{m) ~ 'S'(/o) for p < m. Finally, if m <C /o, then the sensitivity band may (possibly) 
overlap only with the relativistic branch of the spectrum, when p = f — /o- Taking into account 
these various possibilties, the analysis of the SNR induced in a pair of interferometric and/or resonant 
detectors leads to the following results. 

1) A resonant response to a massive, non-relativistic background of scalar particles is possible, 
provided the mass is in the sensitivity band of the detector [3]. For the present resonant frequencies, 
/o ~ 1 Hz - 1 kHz, the present sensitivity is thus in the mass-range 

10-i^eV <m<, lO^i^eV. (13) 

2) For the differential mode of the interferometers, whose response tensor is traceless {D^-^Sab = 0), 
the non-relativistic overlap function is always proportional to the relativistic one [3] , 

7non-rel(p) = [//("^' + pY] 7rel(p), (14) 

both for the direct and indirect coupling. This proportionality factor induces a strong suppression for 
the SNR of non-relativistic modes, with p <^ m; as a consequence, the detection is in principle allowed 
(with the planned sensitivities of second-generation detectors) only if the spectrum f2(p) is peaked at 
p = m~/o [3]. 

3) The above suppression, however, may be absent in the case of resonant mass detectors, and in 
particular for the geodesic (indirect) coupling of the dilaton background to the monopole mode of a 
sphere (whose response tensor is trivial, D'^^ = 6°''^). For two spheres, with spatial separation d, we have 
indeed [3, 4] 

15 /3m2 -I- 2p2\^ sin(27rpd) . „x 9 , 

^^^=2^ \ m^+p^ ) ' 7non-.e.(p-0) = -7Um-0). (15) 

3) The response of spherical detectors to a massive stochastic background is also particularly en- 
hanced (with respect to interferometers) for a flat enough spectrum [4]. For instance, if f2 ~ p'', and 
5 < 1, then the SNR grows with the observation time like T^~*/^, i.e. faster than the usual T^/^ 
dependence. 

In order to illustrate this final, important result, let us consider a non-relativistic, growing spectrum 
with slope (5 < 1, peaked at p ~ m ~ /q. For p — > the noise and the overlap functions of the 
two correlated monopole modes go to a constant, and the SNR integral (11) would seem to diverge, if 
extended down to the lower limit p = 0. The SNR integral, however, has an infrared cut-off at a finite 
value Pmin determined by the minim,um resoluble frequency-interval Af associated to T, and defined 
by Af = {p'^ + m'^y/^ - m > which gives Pmin ^ (2m/T)i/2 when (5 < 1 the SNR integral is 

dominated by its lower limit, and this introduces the anomalous T-dependence of the signal. 



SNR ~ T^/^ 
(see [4] for numerical examples). 
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~ Ti-''/^^ 5 < 1 (16) 



3. Conclusion 

The possible production of a cosmic background of relic dilatons is a peculiar aspect of string cosmology 
and of the pre-big bang scenario [1, 10]. Light dilatons are particularly interesting, in this context, 
because if m < 100 Mev the dilatons of the background have not yet decayed, if m < 10 keV they 
could provide a significant contribution to the present cold dark- matter density, and if m ^ 10~^^ eV 
they are also in principle detectable [2, 3, 4] by "advanced" (i.e., second-generation) interferometers and 
by (future) resonant spheres (provide the mass is in the sensitivity band of the antennas). Spherical 
detectors, in particular, seem to be favoured with respect to interferometers if the non-relativistic dilaton 
spectrum is flat enough, and if it is not peaked at p = m. In any case, the search for cosmic dilatons 
(or, more generally, for relic scalar particles) may provide unique infomation on primordial cosmology 
and Planck-scale physics. 
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